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Abstract 
Thousands of abandoned wellbores may lie within the aerial extent of a CO2 storage operation. These wellbores 
represent a potential leakage pathway and a leaky wellbore needs to be re-completed or otherwise repaired to restore 
seal integrity and ensure containment of the stored CO2. Due to the high cost of recompleting a well, a sufficient 
economic incentive exists if a viable seal repair technology is available.  In this paper, we examine the use of epoxy 
nanocomposites as potential seal repair materials that have excellent bond characteristics with both steel and cement 
when cured in the subsurface environment. Test results show Novolac epoxy nanocomposites incorporating 
nanosilica, nanoclay or nanoalumina to have acceptable flowability that enable injection in wellbore cracks and 
significantly higher bond strength compared with standard microfine cement.  
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1. Introduction 
The objective of having a cement barrier between the steel casing and the rock formation is to provide zonal 
isolation between geologic strata and structural support of the wellbore and casing. It is well accepted in the oil and 
gas community that the wellbore integrity is strongly dependent on the quality of the cementing material in the annulus 
and the quality of bond between the cement and the rock formation on one side and between the cement and the steel 
casing on the other side. Cement integrity can be challenging due to chemical reactivity of well cement with subsurface 
fluids, as well as due to the harsh wellbore conditions including high pressure, high temperature, and geomechanical 
stress.  
The shear bond between the steel casing and cement is strongly influenced by the physical interface properties of 
the casing (e.g. frictional characteristics). It has been reported that shear bonds are stronger when the casing is wire 
brushed or sand blasted and weaker when smooth finish or coatings are applied to the outside of the casing [1]. Casing 
expansion and contraction in response to pressure fluctuations within the casing can cause microcracking and 
debonding at the casing/cement interface. Moreover, cement shrinkage during cement hydration has an influence on 
the bond. Experiments on cement-steel interface bond showed that cement shrinkage leading to shrinkage microcracks 
is one reason for bond reduction with time [2]. Bond quality may also be affected by the continuous growth of the 
calcium hydroxide (CH) crystals at the interface with time, resulting in a weak bond [2]. While the bond strength 
decreases with time, the stresses due to processes in the wellbore may increase with time leading to lateral tension or 
shear applied to the cement-steel interface which can result in microcracking. It is obvious that enhancing the cement-
steel interface bond is an essential step toward enhancing wellbore integrity.  
Studies have shown that microsilica (silica fume) enhances the cement paste-steel bond [3]. The increased bond 
strength of the interface was attributed to the pozzolanic nature of microsilica which allows microsilica to convert the 
CH crystals that govern the cement-steel interface to the mechanically stronger calcium-silicate-hydrate (CSH) phase. 
Nanosilica has been shown capable of producing a similar enhancement of bond strength between cement paste and 
aggregate with smaller quantities compared with microsilica due to its higher surface area [4]. Surface treatment of 
steel using ozone and silane has been shown to significantly improve the bond between cement paste and steel [5]. 
The improvement in bond strength from surface treatments may be attributed to the enhancement of surface wettability 
[3] or to the availability of other functional groups (e.g. nitrogen, oxygen) with electron pairs that enhance the 
hydrophilic polymer-metallic bond [6]. Sand blasting under pressure has also been shown to improve cement-steel 
bond due to an increase in the steel surface roughness.  
Hydrophilic polymers have been shown to be capable of providing an excellent bond to existing metal surface [7]. 
Polymer adhesion to ceramic and metallic surfaces can be improved by surface treatment [8-9] which shifts the failure 
mode from adhesion failure to cohesion failure of the thin (10-50 Pm thick) layer at the interface and thus improves 
the interfacial bond strength. Thermosetting polymers such as epoxy, unsaturated polyesters (UP), and vinyl ester 
(VE), and Novolac-epoxy co-polymers have been widely used for providing good bond with deferent surfaces. 
Moreover, considerable progress has been made in reinforcing the polymer/metal joint with organofunctional groups 
to improve covalent bond throughout the interface [10-11].  
Nanomaterials have been suggested as potential reinforcements for polymers with the ability to improve their bond 
strength to metallic and ceramic substrates [1]. It has been widely suggested that nanoparticles, specifically carbon 
nanotubes (CNTs) and nanoclay, can be used to improve the mechanical characteristics of polymers [12]. Of special 
interest is the use of CNTs to improve the shear and tensile strength of epoxy [13] and failure strains of polymethyl-
methacrylate (PMMA) [14]. Moreover, mechanical properties of polymer nanocomposites incorporating nanoclay 
were shown to depend on the clay loading and the degree of exfoliation of clay platelets [15-16]. The presence of 
exfoliated clay substantially increases both the tensile strength and modulus of elasticity [17], the shear strength and 
impact strength of polymers [18]. Here, we explore the potential use of nanomaterials in polymers to improve the 
bond strength of the polymer and a steel substrate.  
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2. Experimental Methods 
2.1. Materials 
Type G (API Class G) oil well cement (OWC) by Lafarge Inc. was used as the reference cement material. Two 
epoxies were used in this study: Polysulfide Siloxane epoxy and Novolac epoxy.  Polysulfide epoxy including silane 
consists of two components, epoxy resin and epoxy hardener. The resin is mixture of Bisphenol A/Epichlorohydrin 
Epoxy Resin including silane. The hardener is Diethylenetriamine (DETA), Phenol, 4,4’-(1-methylethylidene)bis-, 
and Tetraethyllenepentamine. Novolacolac is a low viscosity cycloaliphatic polyamine blend designed for high 
chemical resistance epoxy resins are specifically designed to provide high thermal stability and chemical resistance. 
This is accomplished by switching from Bisphenol A to Novolac backbones. 
Functionalized Multi-Walled Carbon Nanotubes (MWCNTs), nanosilica, nanoclay, and nanoalumina were 
combined with the epoxy to create nanocomposites used in this study (Table 1).    The MWCNTs were functionalized 
with carboxyl (COOH) groups and were produced using Catalysed Chemical Vapor Deposition (CCVD) technique. 
AEREOSIL® 380 nanosilica from manufacturer Evonik Degussa Products, is a hydrophilic fumed silica with an 
average BET surface area of 380 m²/g and an average particle diameter of 7 nm.  AEROSIL® 380 is a chemically 
prepared silicon dioxide powder that is white in color and odorless, and has a melting point of 1700 ̊C and a density 
of 2.2 g/cm3. Cloisite®30B nanoclay supplied by Southern Clay Products, Inc is an off white material consists of 
natural montmorillonite modified with a quaternary ammonium salt. The nanoclay consists of dry particle sizes with 
10%, 50%, and 90% by volume less than 2μ, 6μ, and 13μ, respectively. Generally, clay minerals are composed of 
various combinations of: tetrahedral silica SiO44- and octahedral alumina Al (OH)63- sheets [19] as shown in Fig. 1. In 
montmorillonite (2:1 type phyllosilicates), each layer is composed of one octahedral alumina sheet sandwiched 
between two tetrahedral silica sheets [20]. The nanoalumina is aluminium oxide (Al2O3) nano particles manufactured 
by Sigma Aldrich, Inc. with a maximum particle size of 50 nm. In all the mixes, the polymer nanocomposites were 
mixed with crystalline silica (quartz) and ceramic microspheres powder with nominal maximum size of 5 mm. The 
silica/ceramic mix was used as mixing filler to produce a slurry to be tested. The use of the silica/ceramic filler enabled 
avoiding the significance of epoxy shrinkage upon hardening and thus facilitated testing of bond strength. 
 
 
Fig.1: Structure of a silica tetrahedral sheet (up), and an alumina octahedral sheet (down) [19]. 
2.2. Preparation of Reference material and polymer cement nanocomposites 
To produce the reference material a customized combination of ASTM and API standards was used. First, the mix 
water was placed to the bottom of a clean mixing bowl and added the cement to the mix water and allowing 30 seconds 
for absorption. The combination was mixed for 30 seconds at a rate of 140 ± 5 r/min. The mixer was stopped for 15 
seconds while scraping down the sides of the bowl. Afterwards, the mix was mixed together for 1 minute at a speed 
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of 285 ± 5 r/min until the slurry is formed. Finally, the required aggregate was then added and mixing continued for 
2-3 additional minutes until the mixture looked uniform. 
The polymer cement nanocomposite is mix of the polymer nanocomposite and the silica/ceramic powder filler. 
Twelve epoxy nanocomposites mixtures were synthesized using various nanomaterials (Table 1). The nano-particles 
were first dispersed in the epoxy resin first stirring with a magnetic stirrer for 2 hours at 110 °C and followed by 
sonication for an additional 2 hours at 65 °C.  The hardener and the filler powder were then mixed with the epoxy 
resin to produce the polymer cement nanocomposites. The polymer nanocomposite mix was then mixed in a 
conventional mortar mixer with the silica/ceramic filler mix to produce the slurry to be tested for flowability and bond 
with steel substrates. The mix proportions for 1 cubic meter of the reference material and the neat polymer cement 
nanocomposite are presented in Table 2 and Table 3 respectively.  
Table 1: Repair materials used in this study.  
Mixture Abbreviation Base Material Nano-particles Content% 
Reference Microfine cement None ---- 
PCNC1 Polysulfide Siloxane epoxy None ---- 
PCNC2 Polysulfide Siloxane epoxy MWCNTs 0.5% 
PCNC3 Polysulfide Siloxane epoxy MWCNTs 1.0% 
PCNC4 Polysulfide Siloxane epoxy MWCNTs 1.5% 
PCNC5 Polysulfide Siloxane epoxy Nanoclay 4.0% 
PCNC6 Polysulfide Siloxane epoxy Nanosilica 1.0% 
PCNC7 Polysulfide Siloxane epoxy Nanoalumina 2.0% 
PCNC8 Novolac epoxy None ---- 
PCNC9 Novolac epoxy MWCNTs 0.5% 
PCNC10 Novolac epoxy MWCNTs 1.0% 
PCNC11 Novolac epoxy MWCNTs 1.5% 
PCNC12 Novolac epoxy Nanoclay 4.0% 
PCNC13 Novolac epoxy Nanosilica 1.0% 
PCNC14 Novolac epoxy Nanoalumina 2.0% 
Table 2: Mix proportions of the reference material for 1 cubic meter.  
Mix Abbreviation Cement (kg/m3) Filler (kg/m3) Water (kg/m3) W/C 
Reference 530 1457.5 217.4 0.41 
Table 3: Mix proportions of the neat polymer cement nanocomposites (PCNC1 or PCNC8) for 1 cubic meter.  
Mix Abbreviation Resin (kg/m3) Hardener (kg/m3) Filler (kg/m3) 
PCNC1 or PCNC8 288 128 1570 
 
2.3. Flowability test 
As all the investigated materials are suggested repair materials, these materials need to be flowable in order to be 
easily injected in the cracks. Thus, the effect of incorporating the nanoparticles in the epoxy on the flowability has to 
be investigated. The flowability test was conducted according to ASTM C1437 [21] on the polymer cement 
nanocomposites. The flowability cone used in the tests has a 70 mm smaller diameter and 100 mm larger diameter. 
The height of the cone is 50 mm. The cone was positioned in the center of the flow table and then it was filled with 
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the mixture in two layers. Each layer was tamped 20 times to ensure uniform filling of the cone. Afterwards, the cone 
was lifted in 4 seconds. Using the flow table, 25 strikes were applied to the specimen in 15 seconds. Four readings of 
the specimen in four direction separated by 45° were taken after the 25 strikes using the test caliber. The sum of the 
four readings represents the flowability of the slurry. Fig. 2 shows filling of the flowability cone and reading of 
flowability with the test caliber.  
Fig.2: (a) Filling the flowability cone (b) taking readings using test caliber. 
2.4. Slant Shear Test 
The effect of the nano-particles on the bond strength between polymer cement nanocomposite and steel was 
examined using a standard slant shear test following ASTM C882 [22]. Composite cylinders with 50 mm diameter 
and 100 mm height were cast. The steel part with dimensions shown in Fig. 3 was sandblasted to a minimum 4 mil 
clean surface roughness profile and was placed in a cylindrical mold. Polymer cement nanocomposite overlay was 
then cast on top of the steel in two layers.  Each layer was compacted to ensure uniform filling of the mold and the 
final surface was leveled. The overlay material was cement mortar in case of reference mix. After 24 hours, the 
specimens were demolded and were allowed to cure for 7 days in air for the polymer cement nanocomposites and in 
water for the cement mortar. Fig.3b shows the slant shear specimen after it was demolded. After curing, the specimens 
were tested under a uniaxial compressive as shown in Fig.4. The slant shear test was conducted as a displacement 
control test with a loading rate of 0.036 mm/sec. The bond strength was determined as the average shear strength 
computed as: 
 
 
                    (1) 
 
Where Pmax is the maximum load, A is the inclined contact area and Wmax is the maximum average shear strength.  
Fig.3: (a) Steel part dimensions (b) composite cylinder for slant shear test 
A
Pmax
max  W
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Fig.4: Slant shear test setup. 
3. Results and Discussion 
3.1. Flowability  
Flowability results for all fifteen repair materials used are given in Fig. 5.  The flowability of polysulfide siloxane 
cement nanocomposites was less than the reference cement materials. In contrast, the flowabilty of the Novolac cement 
nanocomposites were greater than the reference cement material.   The result indicate that mixtures that included 
nanoparticles had a reduced flowability compared to the neat epoxy cement nanocomposites. Incorporating 0.5% 
MWCNTs and 2.0% nanoalumina had the least effect on flowability of polymer cement nanocomposites for both 
types of epoxies while 4.0% nanoclay and 1.0% nanosilica decreased the flowability the most.  
 
Fig.5: Flowabilty results for the fifteen polymer nanocomposites shows that mixtures that included nanoparticles had a reduced flowability 
compared to the neat epoxies. 
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3.2. Bond strength 
 Load-displacement data from the slant shear tests for the Polysulfide Siloxane epoxy cement nanocomposites in 
Fig. 6 and Novolac epoxy cement nanocomposites in Fig. 7.  Also shown in these figures is a load-displacement 
response of the reference cement material.  
Fig.6: Load-displacement curves of reference cement material and Polysulfide Siloxance epoxy cement nanocomposites. 
Fig.7: Load-displacement curves of reference cement material and Novolac epoxy cement nanocomposites. 
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The bond strength was calculated from Equation 1 using the maximum force during the slant shear test. The strength 
of five specimens for each material was used to calculate the mean bond strength values shown in Fig. 8. The neat 
Polysulfide Siloxane epoxy has similar bond strength to that of the reference cement material. However, incorporating 
0.5% wt MWCNTs and 2.0% wt nanoalumina increased the bond strength of Polysulfide Siloxane epoxy by 49%. On 
the other hand, dispersing nanoclay and nanosilica in the epoxy resin of the polysulfide Siloxane epoxy system 
decreased the bond strength between the polymer cement nanocomposite and the steel surface by 59% and 52% 
respectively. Both nanosilica and nanoclay include silica tetrahedral, which seem to have an adverse effect on the 
adhesion of Polysulfide Siloxane epoxy with steel substrates.  
Fig.8: Mean bond strength for reference cement material and Polysulfide Siloxane epoxy cement nanocomposites. 
The bond strength of all Novolac epoxy cement nanocomposites were significantly higher than the reference 
cement mortar. The bond strength of the neat Novolac epoxy was 102% higher than the reference cement material. 
Adding MWCNTs did not make a significant improvement of bond strength of the Novolac epoxy cement 
nanocomposites, perhaps because the COOH functional group may not be suitable for Novolac epoxy. The best 
improvement in the bond strength of Novolac cement nanocomposites was obtained by dispersing 2.0% nanoalumina 
in the Novolac epoxy resin (PCNC14), increasing the bond strength by more than 200% compared with the reference 
cement material. Using nanoclay (PCNC12) and nanosilica (PCNC13) resulted in bond strength improvement of 134% 
and 138%, respectively. The improvement in bond strength using nanosilica particles suggests that Novolac epoxy 
can interact with nanosilica without adversely affecting its properties. Furthermore, the use of nanoalumina particles 
or nanoclay (which includes a mix of nanosilica and nanoalumina particles as shown in Fig. 1) can improve the bond 
strength of Novolac epoxy with steel substrate. The ability of alumina based particles to improve bond strength with 
steel by forming chemical bond of alumina oxides that further bonds the steel surface to the epoxy adhesive has been 
previously reported [23]. 
The stiffness of the polymer cement nanocomposite was determined from the force-displacement curves obtained 
in the slant shear tests (Fig. 9).  The greater the stiffness of the polymer cement nanocomposite, the smaller the 
mismatch with the steel substrate. Decreasing the mismatch between the stiffness of the two halves in the slant shear 
test reduces the shear stresses at the interface. The neat Novolac polymer cement nanocomposite (PCNC8) have a 
147% higher stiffness than the neat Siloxane polymer cement nanocomposite (PCNC1) and thus might observe lower 
shear stresses at the interface compared with Siloxane polymer cement nanocomposites. While the average apparent 
shear stresses computed above provide evidence of higher bond strength of Novolac polymer nanocomposite 
compared with standard repair mortar, further analysis to identify the true maximum shear stresses is necessary. We 
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argue that the true improvement in shear strength might be higher than that deduced using the apparent shear strength. 
Computational research may be used to investigate this argument.  
Fig.9: Stiffness of the different polymer cement nanocomposites. 
4. Conclusions 
Nanomaterials can significantly alter the bond strength of repair materials being considered for wellbore seal repair. 
While nanomaterials generally reduced the flowability of Polysulfide Siloxane epoxy, it increased or made no 
significant effect on Novolac epoxy. The use of MWCNTs functionalized with COOH group showed good 
improvement of bond strength with Polysulfide Siloxane epoxy (49%) over standard microfine cement. Other silica 
and alumina based nanoparticles seem to have an adverse effect on bond of Polysulfide Siloxane epoxy. On the other 
hand, COOH functionalized MWCNTs did not make a significant improvement of Novolac epoxy. However, silica 
and alumina based nanomaterials made significant improvement in bond strength in Novolac epoxy. Nanoalumina 
particles improved the bond strength of Novolac epoxy-steel surfaces by 200% compared with standard microfine 
cement. Analysis of the load-displacement curves showed that nanomaterials make a significant effect on the stiffness 
of the polymer cement nanocomposite half in the slant shear test. This stiffness difference would produce a difference 
in the true shear stresses at the interface. While the above observations provide evidence of higher bond strength of 
Novolac polymer cement nanocomposites compared with other polymer cement nanocomposites tested here, 
computational analysis is necessary to identify the true maximum shear stresses. Further investigations using 
microstructural analysis and the finite element methods are warranted to explain these observations.  
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